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ABSTRACT

"'r

Electron spin resonance (ESR) has been used to study the
temperature dependence of the formation of an amorphous damaged
layer produced by ion implantation in silicon.
Undoped silicon wafers were implanted with N+, Ar+, and Kr+ ions
at 20 keV and dose rates less than .36 ~a/cm 2 •
ranged from room temperature to 250°C.
room temperature on these wafers.
associated with amorphous silicon.

Implant temperatures

ESR measurements were made at

The only ESR signal found was that
The ESR signal amplitude for a

given ion and temperature increased approximately linearly with dose
up to a critical dose D(T).

For doses greater than D(T), the signal

usually increased very little, indicating that a completely amorphous
layer had been formed.
The critical dose for a given ion species increased markedly
with temperature; it tended toward infinity near a finite temperature
T00 •

Such a temperature dependence is predicted by a theoretical

model.

The experimental critical dose data has been analyzed in

terms of that model, and the data agrees with the model fairly well.
However, certain results indicate that there are mechanisms affecting
the production of amorphous silicon that are not accounted for by
the model.

The identity of these mechanisms is considered.
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I.

HJTRODUCT ION

Ion implantation is currently being used by industry as an
alternate method for doping semiconductors.

It offers several

advantages over the diffusion process, namely, much better control
of depth and concentration of dopant atoms, dopant concentrations
exceeding those of solution saturation, and lower processing temperatures.

(While ion implantation may be done at any temperature, a

subsequent annealing process is usually required to produce maximum
electrical activity by annealing av1ay lattice damage \'lhich influences
the electrical effects of the dopant atoms.)
Further improvement of semiconductor devices requires

a better

understanding of the physical effects that the ion implantation is
producing in the sample, in particular the radiation damage produced.
The research subject of this thesis \'las chosen in an effort to
further our understanding of that damage.
Toward this goal, electron spin resonance 1 (ESR) has been used
to characterize the damage produced by ion implantation into silicon.
In particular, the amplitude of an ESR signal that has been associated
with the production of amorphous 2 silicon has been det~rmined as a
function of target temperature, ion dose, and ion species.

This was

done because it is often desirable, in semiconductor doping, to
produce an amorphous layer.
1see brief discussion in Appendix I.
2Amorphous silicon may be generally described as silicon
lacking long- range order.

2

There is an existing model, described in Section III, for the
production of amorphous material by ion bombardment and the subsequent
formation of a continuous amorphous layer.

Since the volume of

amorphous material within a given volume cannot increase after the
whole volume becomes completely amorphous, the ESR signal amplitude
should increase with dose to a maximum or plateau value, as in Figure
1.

The lowest dose at which this maximum is reached is called the

critical dose (De in Figure 1) and is predicted by the model.

This

work has centered on measuring the temperature dependence of the
critical dose for several different species of implanted ions and
then determining if the existing model could explain the data.
Particular emphasis has been given to whether or not there is a
maximum temperature at which amorphous material can be produced,
as suggested by the model.
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II.

REVIEW OF LITERATURE

Considerable work has been done in the field of ion implantation
in semiconductors (as well as in metals).

Understandably, a large

amount of this work is device oriented or deals mainly with electrical
properties of the implanted semiconductor.

Indeed, the first work

was that of Ohl [1] in 1952, which described improvements in
electrical characteristics of silicon point diodes.
Another portion of ion implantation work deals with the range
distributions of implanted ions.

This subject, as well as early

highlights of the device oriented literature, is discussed in the
1968 review article by Gibbons [2] as well as in portions of the
book by Mayer et al. [3].

The 1972 review article by Gibbons [4]

discusses other aspects of ion implantation, including damage production and annealing.

We are concerned here primarily with the

production of amorphous silicon, and the literature cited below will
be limited to that dealing with production of amorphous material
in crystals and primarily to that done in silicon.
A.

Formation of Amorphous Material
In 1965, R. L. Hines [5] bombarded diamond samples with 20 keV

C+ ions and found that the refractive index increased with ion dose
to a certain value and then increased more slowly.

This change

presumably corresponded to the formation of an amorphous layer.
More definitive work, however, was done by Parsons [6], who later
in

~965

reported the formation of small damaged regions of amorphous

germanium by implantation of 100 keV 0- ions into crystalline

4

germani urn.

The damaged surface was photographed \vi th an electron

microscope, and at doses less than 1.3 x 10 12 ions/cm 2 , individual
dark damaged regions were observed.

(The average diameter of these

0

0

regions was 68 A for room temperature implants and 89 A for 30°K
implants.)

In addition, using a transmission electron microscope he

observed that a thin wedge of germanium bombarded by 1.4 x 10 15
ions/cm 2 produced an electron diffraction pattern consisting of
diffuse rings only.

This was the same pattern obtained for a film

of amorphous germanium produced by evaporation [7].

Parsons concluded

that ion implantation produces regions of amorphous germanium which
can apparently overlap to produce an amorphous layer.

Pavlov

et al.

[8] substantiated these results in 1967 \vhen they found by electron
diffraction that doses larger than 6 x 10 13 ions/cm 2 produced some
amorphous material in polycrystalline germanium.
Similar findings \\lere made for silicon implanted with 40 keV
Sb+ ions in 1967 by Davies
tering technique (see [3]).

et al.

[9] using the helium backscat-

Here a dose of about 10 14 ions/cm 2

produced an essentially amorphous layer, as determined by a backscattering yield equalling that of a randomly aligned crystal.

Strong

dependence of damage on implant temperature was also noted.
A comparison of the optical reflection spectra of amorphous
silicon produced by rf sputtering and that produced by ion implantation was made by Kurtin [10], who concluded that the spectra were
quite similar, and quite distinct from the spectrum of crystalline
s i1 icon.

5

An additional similarity between the two forms of amorphous silicon was noted in 1970 by Crowder

et al. [11], who used ESR and

optical absorption to compare samples produced by both methods.

The

sputtered silicon was determined to be amorphous by X-ray or electron
beam diffraction.

The ESR measurements gave g-values, line widths,

and spin densities (calculated from ESR signal amplitude) which were
the same for both samples.

(Brodsky and Title [12] had previously

found that there is a particular ESR signal associated with sputtered
amorphous films.)

The ESR work of Brower and Beezhold [13] in 1971

again indicated that there is a specific ESR signal associated with
amorphous silicon produced by ion implantation.
Literature has appeared not only on the formation of amorphous
regions, but also in the formation of an amorphous layer, usually
at a corresponding critical dose.

As noted above, Hines [5] found

a "critical dose" at which the rate of increase of the refractive
index of C+-implanted diamond changed markedly.
indicated the formation of an amorphous layer.
and Mayer

This probably
Davies

et al. [9]

et al. [14] found approximate critical doses for back-

scattering yields for silicon and other semiconductors; i.e., they
found doses above which the backscattering yields failed to increase
appreciably.

Hart and Marsh [17] found a critical dose in their

plot of optical reflectance versus dose
actually decreased at larger doses .
moreland

except that the reflectance

Using backscattering, West-

et al. [16] observed the formation of an amorphous layer

in silicon and determined an approximate critical dose for 200 keV B+

6

implants.

Crowder

et al. [11] concluded from their ESR and optical

absorption data that a maximum amorphous volume was produced at a
critical dose.

Gusev

et al. [17] used electron diffraction to

observe critical doses for the formation of amorphous layers in
silicon by implantation of several species of 30 keV ions.

Davidson

[18] used an electron scanning microscope and stripping to study
amorphous layer production and determined an approximate critical
dose for 80 keV Ne+ implants.

Gerasimenko

et al. [19] found

critical doses in their ESR studies of 30 keV Xe+ and Ar+ implants.
Morehead and Crowder [20,21] found temperature dependent critical
+ +
+
doses for 200 keV B , P , and Sb ions for the production of amorphous silicon using ESR.

Dennis and Hale [22] used ESR to determine

the critical dose of several 20 keV ion species implanted into
silicon.
Three theoretical models have also appeared which consider the
formation of amorphous material by ion implantation.
model of Morehead and Crowder [20]
individual amorphous regions.

One is the

which assumes the formation of

This model predicts the dependence

of critical dose on ion species and implant temperature and is the
theory investigated in this thesis (see Section III).

The second

theory, which will be mentioned only in passing, is that of Stein
et al., [23], according to which a volume becomes amorphous if a
certain minimum energy per unit volume is deposited into atomic
processes.
of Gusev

The third theory, also mentioned only in passing is that
et al.

[17], the physics of which seems somewhat obscure

7

owing possibly to translation, but which relates the critical ion
dose to the atomic number of the ion.
B.

Critical Dose Data for Silicon
The work which gives reasonably accurate values of the critical

dose for formation of amorphous silicon by ion implantation is rather
limited and seems to include only that of Gusev et al. [17],
Gerasimenko et al. [19], Morehead and Crowder [21], and Dennis and
Hale [22].

Gusev used electron diffraction and the others used ESR,

as noted above.

All of these critical dose data with the exception

of those of Gerasimenko et al. are tabulated and plotted versus
atomic number in the paper of Dennis and Hale [22].

The back-

scattering studies of Davies et al. [9], Mayer et al. [14],
Westmoreland et al. [16], and Picraux and Vook [24] also give some
critical dose values and will be discussed in Section V.
The influence of target temperature on the formation of amorphous
material by ion implantation has been noted by several authors.

As

early as 1963 McAldin and Widmer [25], using electrical measurements,
noted that implantation of 10 keV Cs+ ions into silicon at room
temperature produced primarily radiation damage effects, while
implantation at 500°C produced primarily chemical doping effects .
Bulthuis [26], using etching and neutron activation, observed a
temperature dependence of the range distribution of implanted ions,
although the ions were probably channelled.

The critical dose found

in the reflectivity study of Hart and Marsh [15] showed a marked
temperature dependence.
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Picraux et al. [27] and Westmoreland et al. [16] found that
larger backscattering yields were produced by silicon samples
implanted at -150°C with 200 keV B+ ions than those implanted at
room temperature.

The latter paper gives an approximate critical

dose of 1 - 3 x 10 15 ions/cm 2 at -150°C, and a lower limit to the
critical dose of 2 x 10 16 ions/cm 2 at room temperature.

From the

paper by Picraux and Vook [24] one may obtain critical doses for
200 keV Sb+ implants of about 4 x 10 13 , 4 x 10 13 , and 6 x 10 15
ions/cm 2 at 87°, 250°, and 300°K, respectively.
The most accurate data showing the temperature dependence of
the critical dose for the production of amorphous silicon appear
to be those of Morehead and Crowder [21] and those of this thesis.
+

+

These values, as well as room temperature values for N , Ar , and
Kr+ implants found by Gusev et al. [17] and Dennis and Hale [22],
are compiled in Table I and are plotted in Figures 9-12.

This body

of data, as well as the above mentioned backscattering data of [9],
[14], [16], and [24] will be discussed in Section V.
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III.
A.

THEORY

Physical Description of the Model
The Morehead and Crowder model for production of amorphous

silicon by ion implantation assumes that, by a cascade of atomic
collisions, an incident ion produces a disordered cluster of target
atoms containing many broken bonds and displaced atoms.
reforms into a stable phase in some short time

T

This cluster

> 10- 9 seconds.

During this time some defects escape from the damage cluster via
thermal diffusion and leave behind an amorphous core region smaller
than the original damaged region.

In the model this core region is

represented as a cylinder of initial radius

p0

radius p that depends on target temperature.

which shrinks to a
As the dose is

increased, more cores are formed, and these cores overlap.

A

completely amorphous layer is eventually produced, accounting for
the critical dose in the ESR signal-versus-dose curve.

The

mathematical derivation of this model is given below.
B.

Derivation of the Model
To estimate the critical dose D0 , in ions per unit area,

required to form a continuous amorphous layer in the absence of
defect diffusion (i.e., at low temperatures), Morehead and Crowder
[20] assumed for simplicity that all of the target atoms in the
layer must be displaced.

They concluded that
(1)
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where

r

is the effective energy needed to displace a target atom,

n2 is the number density of target atoms, and (~) is the average
energy lost in atomic processes per unit path length and is independent of initial ion energy.
The relation betv.Jeen the critical dose D0 and the radius Po of
an individual amorphous cylinder can be seen by considering the rate
of formation of amorphous material, which is

(2)

where Aa is the total surface area covered by amorphous clusters, A0
is the total area being implanted, A; is the cross-sectional area
of one cylinder, and N is the number of incident ions.

Note that

[1-(A/A0 )] is the probability that a given ion will hit a nonamorphous region.

Equation (2) should be statistically valid owing

to the fact that the total number of ions incident on a target is
large, typically 10 13 - 10 16 /cm 2 •
Equation (2) gives
Aa = Ao (1 - e
where D( = N/A 0 ) is the total dose.

-A.D
, )

(3)

If the ESR signal is proportional

to the volume of amorphous material and the depth of the amorphous
region formed by each ion is constant, then the signal should
increase with dose as does Aa or Aa/A 0 , as given by equation (3).
plot of equation (3) is shown in Figure 2.

At this point one

A

11

encounters the problem of defining the minimum fractional area A /A
a o
corresponding to a totally amorphous layer. Clearly, if one requires

Aa =A o' then Do=oo ·

In practice, however, one might set A.D=n
and
1

obtain

Aa -

-A - .957

(4)

0

as the fractional area defining the critical dose D0 in Figure 2.
This means, since A. =
1

2

np 0 ,

that

(5)

which agrees with the definition of Morehead and Crowder [20].
The derivation of equation (5) is somewhat arbitrary, and
perhaps this equation should be written as
(6)

However, the constant C should be about one and may not even be the
limiting uncertainty in the final form of the model as will be
shown below.
p0

It is important mainly when one attempts to calculate

directly from D0

,

or vice versa.

In analogy to equation (5), one may write, for a cylinder whose
radius is reduced by the temperature-dependent outdiffusion of
defects to p = p 0

- 6p,

(7)
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where D(T) is the critical dose as a function of teDperature.
Morehead and Cro\'Jder then assumed that 1'-R \·tas of the order of the
vacancy diffusion length, so
(8)

where Dv is the temperature dependent diffusion coefficient and
the mean diffusion time.

is

T

Using the standard temperature dependence

for vacancy diffusion
Dv - Dvo e -E/ KT

(9)

where E is the activation energy for vacancy diffusion, and Dvo is
a constant, one may now derive the model.

Equations (7), (8), and

(9) yield
(10)

where U =~E.

Thus,
D(T)

(11)

Since equations (1) and (5) yield
(12)
equation (11) can be written as

13

or
(14)

This is the model of Morehead and Crowder.

The constants K' and U

may be empirically determined by fitting experimental data and will
be discussed further in part III.C.

Note that if equation (6) had

been used instead of equation (5), equation (14) would remain
unchanged except that K' would include a factor C-k:2

Since K' is

determined here by fitting experimental data, it is not necessary to
know C.

1

However, to determine the value of (~ n2 Dvo T)~ in

equation (13), the correct value of C should be known.

Future

theoretical work is needed to supply this value of C.
Dennis and Hale [22] made an ion-energy dependence correction
to this model as follows.

Again assuming that at low temperature

all energy lost in atomic processes goes into displacing every lattice
atom in the amorphous layer, they wrote an energy balance equation as
(15)

where N1 is the total number of incident ions, W is the range of the
ions in the amorphous layer, A0 is the total implanted area, and
is the amorphous layer thickness.

Si nee D0

= r~ 1 ; A0 ,

l~

then

(16)

14

Similarly, one obtains, instead of equation (14),
D(T)
where

W/W~

=

c(s!f)
dR

D [1 - K 1
o

!i_)-~

w.J.

e

-U/kTJ-2

depends on ion energy, ion species, and target material.

This is the energy-corrected model of Dennis and Hale.
factor

(17)

W~/W

The correction

can be approximated by Rp /R (where Rp is the projected

range of the ion and R is the actual ion path length) since
Rp/R if W.L- R,
p and, for W~ << Rp , W./W = dR p/dR. Now, to a
first approximation, Rp = (1-b)R, where b is a slowly varying function

W./W
...1...

~

...1...

of R (see [3], p. 28).
substitute, for

W~/W,

Then dR p/dR ; Rp/R. Therefore, one may
values of Rp/R. Note that it is the possibility

of the formation of a buried amorphous layer that gives rise to the
distinction between
C.

W~

and Rp.

Constants of the Model
For a given ion species and energy, equation (17) is of the form

Q1Il

= [ 1 _ K.,

e -U/kT r2

(18)

Do
Note that K = eU/kT for some critical value ofT, and at that value
11

D(T)/D 0 = oo .

This critical temperature is designated Too and is the

temperature above which the model predicts that no amorphous layer
can form.

For example, D(T)/D 0 is plotted versus T/Too in Figure 3

for several values of U/kT

00 •

(For T

However, this corresponds to ~P

>

>

Too , D(T)/D 0 is again finite.

p0 in equation (7), or to an

15

amorphous cylinder with a negative radius; equation (18) is clearly
unphysical forT> Too.)
and energy.

Too is a constant for a given ion species

If the experimental data can be fit by equation (18),

then an approximate value of Too corresponding to the asymptote in
Figure 3 should be readily obtainable from the data.

Once T has
00

been so obtained, a family of curves with parameter U/kT can then
00

be used to determine the "best fit" value for U.

As noted above,

K" is determined from equation (18) as

=e

Ku

U/kT

oo

( 19)

because D(T ) = oo.
00

From a theoretical point of view, determining K1 may be more
desirable than determining T , since K1 yields information on the
00

product of E, Dvo' and

Note that values for K1 may be found

T.

from
K'

=

K" ((dE} !L_) ~

dR

w.L

(20)

(The quantities in parenthesis can be calculated from information
in [3], pp. 25-29.)
Since the constant U is related to the activation energy E of
defect diffusion, it could be of great significance if one desires
to learn which defect(s) dominate in the diffusion process.

There-

fore, a determination of the best fit value of U from the data will
be one of the important results obtained from this work.
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IV.

EXPERIMENTAL APPARATUS AND PROCEDURES

The implants were done in a 20 kV ion accelerator at temperatures
ranging from room temperature to 250°C, in a vacuum of 10- 6 Torr.

The

temperature of each silicon sample was controlled during implantation
by a small oven to which the sample was attached.
measured with a single-junction thermocouple.

Temperature was

A wheel containing

eight such ovens and samples allowed eight samples to be implanted
in one

11

rUn

11 •

Each sample was individually heated, bombarded, and

then allowed to cool to room temperature.

The samples were then

removed from the accelerator and stored in individual containers .
ESR data were subsequently taken on individual samples.
Following are detailed descriptions of the above mentioned
apparatus with initial emphasis on the wafer heater owing to its
unique design and the fact that it was constructed for this research.
A.

Wafer Heater
A special wafer heater was built for the production of implants.

A simplified diagram of this heater is given in Figure 4, and a
detailed cutaway of one oven is given in Figure 5.

In the following

description, letters in parentheses will reference a part mentioned
in the text to a part shown in Figure 4 or 5.
The eight spokes of the wheel were made of quartz tubes (a)
because of the low thermal conductivity of quartz.

Each tube fitted

over a brass cylinder (b) that was fastened to the central hub (c).
A hole in the wall of each quartz tube was coincident with a threaded
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hole in the corresponding cylinder, thus allm'ling a machine screw (d)
to hold the tube in place.

An oven (e) was fastened to each tube in

a similar manner.
Each oven was a rectangular pipe of thin walled (0.025 inch)
stainless steel, 1.5 inches long and with inner dimensions of 0.40
and 0.90 inches, inside of which was housed a tungsten filament (f).
This filament, wound from 0.015 inch diameter wire, was about
0.25 inches in diameter and 0.9 inches long and had about 12 turns.
The ends of the filament were spot welded to machine screws (g)
which were electrically insulated from the box by alumina spacers (h).
The filament was heated by 60 Hz current of up to six amperes from a
stepdown transformer powered by a vari ab 1e transformer.

The filament

heated the box partly by conduction, but mainly by radiation.

To

. prevent excessive radiation losses, the ends of the box were fitted
with copper blocks (k).

Prototype ovens were heated to 700°C, but

the size of the present oven-current leads probably provides a
practical upper limit of 450°C.
A silicon sample (1) was attached to a narrow surface of the
box by molybdenum spring clips (m), and a copper cover (n) with the
appropriate opening was attached.

The cover was used so that the

sample was part of the interior of a cavity rather than part of an
external radiating surface; the sample was therefore theoretically
at a higher and more uniform temperature than an external radiating
surface.
Temperature inside the cavity was determined by use of a chromelalumel thermocouple junction (p) attached to the machine screH

18

holding one of the spring clips on the oven.
connected to a PAR

r~ode 1

The leads were

134 Electrometer, on which the thermocoup 1e

voltage of three to ten millivolts was measured.

Tests were made

to compare the temperature of the surface of a sample ,.,ith the
temperature at the above location.

The sample temperature was found

to be lower than the oven temperature.

This difference is discussed

in Section V.
An electrical lead attached to each oven by a copper alligator
clip (q) allowed the ion current to be measured on a PAR Model 134
Electrometer.
a common lead.

The leads from the eight ovens were connected to form
A separate dummy sample (r) was used in most runs

because a current related to operation of the oven filament, plus a
current due to secondary electrons seen by the combined surface area
of the ovens, produced an erroneous sample current reading.

A

repulsion grid voltage of about -100 vo 1 ts was used to minimize
error in current readings due to secondary electron emission from the
silicon surface being bombarded, but other secondary electrons
seemed to be produced in the sample holder section.
B.

Ion Accelerator
The 20 kV ion accelerator in which the implantation was done

consisted of three basic sections:

the ion source section, the beam

manipulation section, and the sample holder section.
brief description of each of these sections.
is shown in Figure 13.

Follo~1ing

A schematic

is a

diagra~
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1.

Ion source section

The ion source used in this research was a hot filament type
source, i.e., one in which an electric arc exists between a hot
filament and an anode.

Gas was admitted through a leak valve into

the ionization chamber where ions were produced by electron impact
ionization.

Ions thus produced were extracted through a small

(0.3 mm diameter) aperture in the anode where they were accelerated
by the potential between the source aperture and an Einsel lens
aperture (about one em diameter) located about one em away.

The

source was maintained at 20 kV above ground by a high voltage power
supply, and the Einsel lens aperture was grounded.

An isolation

transformer was used to provide 110 Volts a.c. at 20 kV to operate
the power supplies for the source filament and the ionization arc.
2.

Beam manipulating section

The beam of 20 kV ions produced \'/as call imated by an Einsel or
electrostatic lens consisting of three consecutive metal cylinders,
the first being at ground potential and containing the Einsel lens
aperture mentioned above, the second being at a potential of about
13 kV, and the third being at ground .

After passing through a

circular aperture (diameter one inch), the beam was electrostatically
translated to the center of a detector (a Faraday cup) by maximizing
the beam current at this detector.

Thus directed, the beam passed

through a second circular aperture (diameter 0.5 inches) into a
mass-analyzing magnet (after removal of the Faraday cup).

The
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magnetic field was adjusted to obtain the desired species of ion and
to maximize the corresponding current passing through a rectangular
mask (0.495 x 1.686 em) in the sample holder section.

The beam was

then maximized at the dummy sample behind this mask by vertical and
horizontal deflection plates, and all these controls were fine-tuned
to maximize the beam current.
To provide uniform bombardment of the samples, the beam was
electrostatically rastered, or swept, both vertically and horizontally by means of sawtooth voltages applied to the deflection plates.
This rastered beam was centered on the rectangular cutout mask in the
sample holder section by means of four small detectors at the corners
of the mask.

The beam passing through this mask thus uniformly

bombarded a well-defined rectangular area on the sample centered
behind the mask.
There were several apertures located along the beam path which
served to collimate the beam.

As noted above, circular apertures were

located between the Einsel lens and the translation plates and
between the translation plates and the magnet.

In addition, a rec-

tangular mask between the magnet and the raster plates aided in mass
separation and collimation.

The final rectangular mask near the

sample defined the exact area of bombardment on the sample.
3.

Sample holder section

As noted above, the sample holder section contained the final
mask, the raster monitors, and the wafer heater wheel.

A mechanical

feedthrough allowed any sample or the dummy to be rotated into
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proper position, as determined by a mirror inside the sample chamber.
The wheel and its operation were described above.

The repulsion grid

mentioned above was located between the rectangular mask and the
sample.
C.

ESR Spentrometer and Operation
ESR data were taken at room temperature on a Varian Associates

Model V-4502 EPR Spectrometer operated in the high power mode.

A

Varian Associates Model V-4531 multi-purpose EPR cavity was used in
conjunction with an X-band microwave frequency of about 9.5 GHz and
a 100 kHz modulation field.

A standard ESR technique was used to

maximize detector sensitivity; i.e., the crystal detector was biased
by reflecting part of the input microwave power directly off a tuning
stub and directly to the detector (via a hybrid tee).
The resonance absorption for the damage under consideration
occured at about 3370 gauss and had a linewidth of about 7.5 gauss.
The primary field H0 was swept slowly (2.5 minutes) from 3345 to 3495
gauss by a Fieldial control unit.
Varian chart recorder.
D.

The ESR signal was recorded on the

Analysis of these data is given in Section V.

Experimental Procedures
1.

Sample preparation

Rectangular samples were made from circular wafers of intrinsic
(> 500 Q-cm) silicon by scribing and breaking the wafers.

used were of two sizes:

The wafers

0.011 x 0.75 in . and 0.015 x 1.0 in.

Samples were typically 0.3 in. wide.
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Samples were cleaned by chemical etching 3 and rinsed in distilled
water, then mounted 4 on the wafer heater wheel described above.

The

wheel was placed in the sample chamber, electrical connections were
made, and the chamber was allowed to pump down to 10- 6 Torr for at
least twelve hours.
2.

Implantation and temperature control

The ion beam was fine-tuned and rastered with the dummy sample
in the bombardment position.

A sample was then heated to the desired

temperature by the oven filament.

A filament current larger than the

predetermined equilibrium current was initially used.

This current

was reduced to the proper value as the desired temperature was
reached. 5 After the thermocouple voltage reading had stabilized to
within 0.05 mV of the proper reading (ranging from 3 to 10 mV) for
several minutes, the beam current at the dummy sample was noted, and
the heated sample was rotated into position.

The sample current

reading was then monitored and periodically recorded, but this value
was usually smaller than the true dummy current reading m'ling to
secondary electrons within the target chamber which struck the large
surface area of the eight ovens (which had a common ion current lead).
3The solution used consisted of 5 parts 70% nitric acid, 3 parts
of 50% hydrofluoric acid, and 3 parts of glacial acetic acid.
4 Plastic gloves were used to avoid pre-bombardment contamination.
5A standard chromel-alumel thermocouple table was used to
determine the voltage corresponding to the desired temperature.
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After the sample had been bombarded for the precalculated time
interval 6 corresponding to the desired dose, the dummy was rotated
back into position and the final current noted.

The intermediate

readings indicated the rate of change of ion current and allowed more
accurate calculation of the average current in those cases in which
Ion current was kept at or below 0.3 ~a

the change was appreciable.
(0.36

~a/cm 2 ) in order to maintain low dose-rate conditions.
The oven current was slowly reduced to zero, then the above

heating procedure was repeated on the next sample.

The samples were

allowed to cool for at least twelve hours before removal from vacuum.
Implantations of Kr+, Ar+, and N+ were done at the doses and
temperatures given in Table I.

A total of about 100 samples were

implanted.
3.

ESR data aquisition

After the implanted samples had been removed from the sample
chamber and from the wheel, they were placed one at a time in the
microwave cavity of the ESR spectrometer described above.

The spec-

trometer was turned on, tuned, etc., and data were taken on the
chart recorder in the form of the first derivative of the Lorentzian
absorption curve.

A ruby crystal mounted permanently in the cavity

gave a strong reference signal by which the signals of the various
samples could be compared.

The amorphous signal was about 7.5 gauss

wide at half maximum amplitude and occurred at about 3370 gauss .
6corrections were made to allow for changes in the beam current,
if necessary.
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The ruby signal was about 10 times stronger, had a width of about
56 gauss, and occurred at 2000 gauss.

The pertinent information,

namely, signal amplitude 7 , half width, and instrument scales, was
recorded manually in tabular form during the spectrometer operation.
The results, calculations, and graphs are described below.

7This is the height between the two peaks of the first derivative
curve on the chart recorder.
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V.

ANALYSIS AND DISCUSSION

A comparison of the amorphous ESR signal amplitudes from
different samples was made by comparing them to the signal amplitude
from a ruby sample which was permanently glued to the cavity wall.
The ruby signal amplitude varied from run to run owing to slight
variations of cavity geometry and characteristics.

These variations

were presumably caused by small variations in sample size, shape,
and placement in the cavity.

Since the amorphous signal should be

very nearly proportional to the ruby signal, all signals were
normalized to the common ruby signal and were thus assumed to have
the proper signal amplitudes relative to each other.
The relative signal amplitudes thus obtained were plotted versus
dose on log-log scales.

For convenience of presentation, all data

for each ion species were adjusted by renormalization to give Figures
6, 7, and 8.

The adjusted values of the ruby signal amplitude used

in these figures were 3.378, 5, and 100 for N+, Ar+, and Kr+,
respectively.
In general these curves had an initial slope and a final slope
(usually zero).
called a knee.

The intersection point of these two slopes was
The knee was used to define the experimental critical

dose for each ion species at each implant temperature (see Figures
6, 7, and 8).

For several of the curves, however, the knees were not

sharp, and the slope of the signal-versus-dose curve above the knee
was not zero.

For those curves, referred to below as anomalous,

the two linear (or nearly linear) portions of each curve were
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extrapolated to their point of intersection, as indicated by the
dashed lines in Figures 7 and 8.

The dose at which this intersection

occurred was then taken as the critical dose.

All of the experi-

mental critical doses are listed in Table I.
Critical doses were then plotted versus implant temperature,
as in Figures 9, 10, and 11, and from these plots values ofT ,
00

and K' were obtained.

u,

These two sets of curves for each ion are

discussed below.
A.

ESR Signal Versus Dose Curves
The experimental critical dose must be appropriately related

to the theoretical critical dose if the two are to be compared
quantitatively.

These doses are determined from the knee locations.

Most of the experimental knees are much sharper than the
theoretical knee.

This can be seen by comparing Figures 6, 7, and

8 with Figure 2 and noting that they-axis scales are comparable in
each of the figures.

One explanation for this is that when the

individual amorphous clusters start to overlap, the diffusion of
defects is not as effective in reducing the radius of these clusters.
For example, if most of the volume between the radii P and p 0 for
a particular incident ion coincides with previously bombarded
amorphous core volumes, then diffusion of the new defects will still
leave much of this annular region amorphous, as compared to a
substantial reduction in the amorphous volume of a cylinder that
one obtains by treating the cylinders independently as in equation
(2).

In the latter case, the total amorphous area was taken into
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account, but an incident ion was then allowed to strike a completely
undamaged portion of the remaining area while actually one must
take into account the nearby amorphous regions.

The effect of these

nearby regions could be that of increasing the rate of production of
amorphous material near the critical dose as compared to equation
(2); i.e., it would tend to sharpen the knee and cause it to occur
at a lower dose.

Some theoretical modification of equations (2) and

(3) to take these phenomena into account should probably be made in
order to better define the theoretical critical dose.
However, it seems logical that such a modification, while
changing the shape of the curve in Figure 2 by changing the exact
form of equation (3), would result in a definition analogous to
equation (4) which would differ from equation (4) only by a multiplicative constant M.

If this is true, then M would simply have the

effect of normalizing one set of theoretical D(T) values in equation
(17) to the new theoretical set by a factor t1.

Now a normalization

of the theoretical curve to the experimental data v1as performed by
determining if the model could fit the data.

In this fitting

procedure, as discussed in Section V.B., a knowledge of the value of
M is not necessary and will not be considered further in this thesis.
A striking feature of the signal versus dose curves is that the
zero slope or

11

plateau 11 signal level decreases with temperature for

Kr+ implants, remains approximately constant for Ar+ implants (with
the exception of the 420° K curve), and rises to values appreciably
higher than the room temperature level for N+ implants.
A second striking feature is that a rounded knee occurs for at
least two of the ion species, and also that a plateau level is not
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reached by these rounded, or anomalous, curves.

For Ar+ implants,

the rounded knee occurs at an intermediate temperature (i.e., it
occurs at a temperature lower than that at which one of the sharp
knees occurs), but the signal level is about twice that of the room
temperature level.

For N+ implants, anomalous knees with signal

levels about 1.5 times that of the room temperature level were
observed for both of the higher temperature implant curves.

As can

be seen from Figure 10, the anomalous Ar+ critical dose is not
consistent with the other Ar + data.
These anomalous knees are not well understood, but some insight
may be gained if one considers the possible signal-versus-dose
curves that one might obtain instead of the type shown in Figure 1.
For example, one might obtain a curve with a sharp knee but
with a non-zero slope above the knee.

The non-zero slope would tend

to indicate that the thickness of the amorphous layer increases with
dose after an initial amorphous layer is formed.

This could be due

to the fact that the range distribution of the implanted ions and
the corresponding damage is not a perfect step function but is
approximately Gaussian.

Alternatively an appropriate diffusion

coefficient could be anisotropic; new defects formed near the
amorphous-crystalline interface could diffuse preferentially toward
the crystal, and a sufficient concentration of such defects could
render an additional layer amorphous.

Another alternative is that

additional defect formation and diffusion mechanisms have become
important in this case.
A second poss i b1 e type of curve is one \'lith a rounded knee
which reaches a plateau with zero slope, as in Figure 2.

Such a
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curve could indicate that equation (3) is valid for this case; i.e.,
different diffusion effects could be present compared to the sharp
knee case (recall above discussion).

It could also mean that the

damaged layer depth begins to increase before a completely amorphous
layer is formed, causing the slope of the knee to consist of a
weighted average of two primary slopes, the average changing with
dose.

A maximum layer depth would be reached, as indicated by the

final zero slope.
A third type of curve that one might obtain is one with a
rounded knee and a non-zero slope, and this is the type referred to
as anomalous.

This would result from some combination of the

mechanisms giving rise to the first two curves described above.
One may now consider these mechanisms in relation to the
experimental anomalous curves.

For both N+ and Ar+ implants, the

ESR signal level of the anomalous knee is appreciably larger than
that of the respective room temperature plateau.
greater layer width.

This indicates

Since a temperature dependence is involved,

additional mechanisms are suggested:

(1) the ion penetration depth

may increase with temperature,possibly to a point at which this
increase is reversed by additional mechanisms; (2) mechanisms for
defect formation and subsequent diffusion which vary markedly \'Jith
temperature may affect the production of amorphous material.
E.g., a high density of diffused defects may transform the crystalline or partially damaged region beyond the implanted layer to the
amorphous state.
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The non-zero slope of the anomalous knees above the critical
dose indicates that the layer width is increasing with either dose
or time (since longer bombardment time, typically four to ten hours,
is required for larger doses), or both.
a diffusion effect.)

(The time element implies

The possible explanation concerning a Gaussian

range distribution does not seem to be applicable, since, for
non-anomalous Ar+ knees, the ESR signal plateaus are very flat, as
are most of the Kr + knees.

The possible explanation concerning

increased ion penetration with increased implant temperature would
not seem to apply in general, since. for non-anomalous Ar + knees,
the ESR signal plateau level is about the same for various temperatures, and for Kr+ implants the plateau level actually decreases
with temperature.

The remaining mechanism, namely, some complex

temperature-dependent defect formation and diffusion process, would
seem to be a likely cause of the anomalous knees.

The fact that

the anomalous 420°K Ar + knee occurs at a larger dose than the sharp
440°K knee tends to substantiate this; it indicates that part of
the damage produced in the implanted layer is transferred to a
deeper, unimplanted region, requiring a larger does to re-amorphosize
the original layer but resulting in a deeper final layer, as
indicated by the larger ESR signal of the anomalous knee relative
to the other Ar+ signals.
One other point of interest in the signal-versus-dose curves is
that the slope of these curves below the knee varies markedly with
temperature and with ion species.

This slope presumably corresponds

to a variation in the production rate of amorphous material. i.e.,
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to a variation in p in an equation of the form y = f xP.

p

>

1

would indicate that some degree of overlap is required for the
formation of amorphous silicon (see [4], p. 1073).

p

=

1 would

correspond to the formation of individual amorphous regions at a
constant rate per ion while p

<

1 could indicate that the number

of amorphous regions produced per ion decreases as the ion dose is
increased.

For Kr

+

implants, the slope varies from a low of 0.55

at room temperature to a high of 0.8 for the 470°K curve.

For Ar +

implants, the slope varies from a low of 0.41 at room temperature
to a high of 1.76 for the 440°K curve.
slope of 0.8.

The anomalous curve has a

+

For N implants, the room temperature slope is 0.74

while the two anomalous curves have slopes of 1.1.

The fact that

most of the slopes are less than one tends to indicate that in
general the overlap of individual damaged regions is not required
for the production amorphous silicon.

However, the existence of

three slopes greater than one probably indicates that in some
cases the overlap of damaged but non-amorphous regions is an
important mechanism in the formation of amorphous material.

A

detailed study of growth rates has not been made at this time, but
these data may be of value if such studies are done in the future.
B.

Critical Dose Versus Temperature Curves
The critical doses obtained from Figures 6, 7, and 8 are plotted

in Figures 9, 10, and 11, respectively, versus implant temperature.
The solid line· passing through the data points represents the best
fit of the model to the data for a fit method as described below.
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The adjacent dashed curves define the limits of uncertainty in the
parameter U discussed in Section III.

The vertical dashed line

indicates the asymptotic temperature T • above which the model
00

suggests that no amorphous material can form.
The theoretical model was fitted to the data as follows.
Equation (18) was rewritten in the form
T

=

(U/ kT )( 1- ~)
[1 - e
oo
T ]

(21)

A family of curves of parameter U/kToo was then plotted from equation
(21) as the normalized critical dose D(T)/00 versus the normalized
temperature T/Too• as in Figure 3.

From the experimental D(T) versus

T plot, an estimate of Too was obtained.

The experimental temperature

axis was then normalized to that value of Too such that the experimental axis and the theoretical axis of Figure 3 were the same.
One may see that this is so by overlaying Figure 3 with Figure 9, 10.
or 11.

By translating one graph with respect to the other along the

vertical axis and forcing each theoretical curve in turn to pass
through the room temperature data point, it was determined visually
which value of U/kT

00

gave the best fit of the model to the data, and

which values were the maximum and minimum value that might be
considered to provide a good fit within the limits of experimental
error.

Note that the translation process corresponds simply to

normalizing one curve to the other.
a particular value of T

00 •

This procedure determined U for

It was necessary to adjust Too slightly to
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obtain the best fit shown in Figure 9, 10, or 11, and to determine
the limits on Too , but this required simply a small renormalization
of the experimental temperature axis and obtaining the new best fit.
An alternate fitting method was also employed.

Critical coses

were calculated for a particular value of Too and U and were

= D(300°K) exper1ment"
.
Curves
eery
for various values of Too and U were plotted on unnormalized D(T) and
normalized such that D(300°K)th

T scales.

The best fit and limiting values of Too and U were again

determined visually.

The values determined by the tvm methods agreed

quite well, as one would expect.
The values of Too, U, the corresponding calculated values of K1 ,
and the respective uncertainties are tabulated in Table II.

The

values of U from the various ions are the same within the limits of
experimental error, and U could be assigned the average value
0.08 eV.

However, the fact that two distinct best fit values for U

were found may indicate that the defect diffusion process dominating
the reduction in size of an individual cluster is dependent on the
incident ion species to some extent.

The fact that the value of K•,

varies considerably with ion species, and apparently with ion energy
(see Table 3), indicates that either the product T0v 0 En 2 is not a
constant, owing possibly to a change in the dominant diffusing defect,
or that some additional correction to the model is needed.
One other interesting observation is that, while a parameter Too
seems to characterize the bulk of the data, the amorphous signal also
appears for implant temperatures greater than Too.

In particular, an

N+ dose of 7x1o 16 ions/cm 2 was implanted at 118oc, and an Ar+ dose
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of 6.3x1o 16 ions/cm 2 was implanted at 217°C.

Both of these samples

gave ESR signals with larger amplitude than the respective room
temperature plateaus.

The signals appeared to have the same line-

width and the same g-value as the signals from samples implanted
below Too.
C.

A possible explanation is considered in Section VI.

Other Critical Dose Data
There exist additional D(T) versus T data, the most significant

being the ESR data of Morehead et al. [21].

Their critical dose

values for 200 keV B+ , P+ , and Sb+ implants are listed in Table I.
The first fitting procedure described above was applied to these data
to check the values of U and K' that they reported [21], and for
simplicity the data and the best fit curves are plotted in Figure 12
on unnormalized dose versus temperature axes.
not as good as for the present data.

Note that the fit is

The best values of T

K' for their data are listed in Table III.

00 ,

U, and

Note that while values

for U of 0.05 eV and 0.07 eV were obtained, these values may be
averaged to yield U = 0.06 eV, which is the value reported by
Morehead et al. [21].

A more likely value seems to be 0.055 eV.

As noted in Section II, other critical dose data exist.

Most

of these are backscattering data taken for room temperature implants,
and it is beyond the scope of this thesis to discuss in detail the
agreement of the various sets of room temperature data.

In general,

these data are not as self-consistent as the data of Dennis and Hale
[22], Morehead et al. [21], and Gusev et al. [17], and they do not
agree as well with the modified theory of Dennis and Hale [22] as do
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these three sets of data.

This may indicate that backscattering does

not describe the same characteristic of the damaged material as does
ESR or electron diffraction.

However, any data which provide

temperature dependent critical doses are of interest.

From graphs of

Picraux and Vook [24], one may obtain the three critical dose values
noted in Section III for 200 keV Sb+ implants.

Westmoreland et al.

[16] provide an approximate critical dose of 1-3x1o 15 ions/cm 2 for
200 keV B+ implants at -150°C and a lower limit of 2x1o 16 ions/cm 2
for the room temperature critical dose.

A graph of Davies et al.

[9] gives a room temperature critical dose of 9x1o 13 ions/cm 2 for
40 keV Sb+ implants and is noted here for comparison to other Sb+
critical doses.

(For heavy ions, the corrected model of Dennis and

Ha 1e [22] predicts very 1 i ttl e change
dose value.)

~'lith

ion energy in the cri ti ca 1

The optical reflectance critical doses of Hart and

Marsh [15] for 40 keV Sb+ implants are probably less correlated
to the ESR critical doses than are the backscattering data, but they
are included for comparison.

These doses are plotted in Figure 12

for comparison to the data of Morehead et al. [21] and are listed in
Table I.

These additional values of critical dose agree qualita-

tively with the Crowder [21] data.
D.

Error Analysis
Following are estimates of the various experimental uncertain-

ties present in the data and the experimental conditions.
1.

Dose

The uncertainty in the ion dose lies primarily in the measurement
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of ion current since this could be determined accurately only before
and after the implantation.

When the current varied appreciably,

it always decreased, but usually no more than 0.02
initial 0.30
or .29

~a ±

~a,

3.3%.

so the average current

vo~as

~a

from the

typically 0.29

±

.01

~a,

The meter itself was guaranteed accurate within

3%, and a comparison to a previously used meter, believed to be
accurate, seemed to verify this.
within .002

~a.

Current readings were taken to

Since there was relatively little error in measuring

the time duration (typically 10 to 200 minutes) of implantations, a
least squares addition of these errors gives a maximum error of
4.5%.

Exceptions are several of the 200 C Kr+ samples, namely those

with doses of 5.2, 2.5, 1.3, and 0.62x1o 15 ions/cm 2 .

For these

samples a separate dummy sample current lead was not used, and the
uncertainty is about

±

18 %.

It is likely that these doses are

actually higher than the plotted values since it was later found that
the sample current reading for a 200°C oven may be as low as .25

~a

while the true current, measured by a separate dummy sample, was
.3

~a.

2.

Temperature

The primary uncertainty in temperature arises because the
thermocouple is not in direct contact with the sample.

Tests

indicated that the sample was cooler than the oven by an amount that
increases \"'ith temperature.

This difference, in oc, is zero at room

temperature, 2° at 100°, 3.3° at 200°, 4o at 250o, and may be
linearly interpolated for intermediate temperatures.

Appropriate
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corrections are included in the temperatures given in Table I, but
the uncertainty attendant to the thermocouple location is probably
±5o above 200o, ± 3o at 100°, and 0° at room temrerature.

The actual thermocouple voltage is believed to be accurate
within the 2% full scale limit of the meter and the 30 limit of the
thermocouple wire.

The 2% error corresponds to 5° C.

The root mean

square uncertainty is then about 8°C at 200° to 250°, rat 100°,
and a minimum of ± 50 except at room temperature.
3.

ESR signal amplitude

The primary source of error in the ESR signal amplitude appears
to be that due to the noise level.

(A systematic error was indicated

by a comparison of two sets of data taken on the same samples, but
these agreed within the limits of error of the noise level.)

For

the argon plateau, the amplitude of the noise envelope was five chart
units compared to a signal of about 50.
was

±

Therefore, the uncertainty

10% for argon, less for nitrogen, and more for krypton.

Other

sources of error included slight klystron frequency drifts and change
of cavity coupling, due probably to temperature changes and to the
drying of the Duco cement which held the samples.
to be small.

These are believed

However, because difficulty \vas experienced in obtaining

duplicate results, the smallest error bars that were used in Figures
6, 7, and 8 were
4.

±

10%, even for the high amplitude I~+ data.

Critical dose

The uncertainty in the value of the critical dose varies
markedly with the shape of the signal-versus-dose curve, but is

38

± 10% for sharp knees, ± 20% for the 470°K Kr+ knee, ± 30% for the

420° Ar

+

knee, and

±

+

30% for the anomalous N knees .
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VI.

CONCLUSIONS

In summary, this thesis has presented values of the critical
ion dose necessary to produce an amorphous layer in ion-implanted
silicon.
oo

The critical dose D(T) of a particular ion tends toward

at a finite temperature.

An existing model predicts the tempera-

ture dependence of D(T) and fits the data very we 11 , with the
exception on one point, but the values of the parameters u and K'
that must be used to provide these good fits are not the same for
each ion species.

This may indicate that the defect(s) dominating

the diffusion process depend(s) on the incident ion species and
energy.

This would account for a difference in U, which is one half

the activation energy of diffusion, and K', \'lhich contains several
factors relating to defect diffusion.

Note that one may compare

the present values of 2U ; 0.16 eV to values stated by Vook and
Stein [28] for various defects.

These values are 0.33 eV for the

neutral vacancy, 0.18 eV for the negative vacancy, and about 1.3 eV
for the divacancy.

This would suggest that the dominant moving

defect is possibly the negative charge state of the vacancy.

Alter-

natively, these data may prove useful in making some other correction
to the model.
In the ESR signal versus dose curves, an anomalous knee occurs
for each of the three ion species investigated.

For Kr+ implants,

the corresponding critical dose is consistent with the other doses,
but for Ar+ implants this is not the case.

The anomalous Ar

+

N+ knees probably indicate increasing layer depth and could be

and
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associated with some unusual diffusion process or with increased ion
penetration.
The variation in the parameters U and K1 and the existence of
the anomalous knees indicate that some additional corrections to the
model are needed, although the model in its present form is capable
of qualitatively fitting the data.

The existence of the amorphous

signal at temperatures greater than Too indicates that there is at
least one mechanism operating at those temperatures which is not
accounted for by the model.

This mechanism is probably associated

with the high ion concentration (- Io 22 ;cm 3 ) produced by the large
doses that gave rise to these signals, and may or may not be related
to the anomalous knees.

The amorphous signal for T>Too might also

indicate that while individual damaged regions have no amorphous
content at these temperatures sufficient overlap of such regions may
result in the disorder typical of the amorphous state.
Suggested future work in this area would include a study to
determine the behavior of the ESR signal versus dose curve with
temperature for T>T

00

,

a study resolving the shape of the D(T)

versus T curves near the anomalous knees, a study to determine if
a sharp knee in the signal versus dose curve appears for N+ implants
at higher temperatures, and low temperature studies to determine 00
experimentally and to provide additional data points for use in
determining U and K1 in the model.
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Figure 1.

Typical Experimental ESR Signal Amplitude Versus Dose.
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Figure 2.

Fractional Amorphous Area Versus Ion Dose (Theoretical).
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Figure 3.

Family of

f~ormalized

Critical Dose Versus Normalized

Temperature Curves (Theoretical).
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Figure 4.

Simplified Wafer Heater Assembly.

(Each arm is identical,

but for convenience only two are shown in detail.)
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Figure 4
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Figure 5.

Cutaway View of One Wafer Heater Unit.
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Figure 6.

ESR Signal Amplitude Versus N+ Ion Dose for Various
Temperatures.
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Figure 7.

ESR Signal Amplitude Versus Ar+ Ion Dose for Various
Temperatures.
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Figure 8.

ESR Signal Amplitude Versus Kr+ Ion Dose for Various
Temperatures.
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Figure 9.

Critical Ion Dose Versus Implant Temperature for

r/

in Si.
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Figure 10.

Critical Ion Dose Versus Implant Temperature for Ar+
in Si.
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Figure 11.

Critical Ion Dose Versus Implant Temperature for Kr+
in Si.
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Figure 12.

+

Critical Ion Dose Versus Implant Temperature for B ,
. S.1 at Var1ous
.
Energ1es.
.
P+ , an d Sb+ I ons I mp 1 ante d 1n

(), 200 keV ESR Data [21]
[], 200 keV Backscattering Data [24]

<:>.
~'

40 keV Backscattering Data [9]
40 keV Optical Reflectance Data [15]
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Figure 13.

Schematic Diagram of Ion Accelerator.
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TABLE I
Experimentally Determined Critical Dose Values for
Various Ions, Energies, and Temperatures
Ion

Energy
(keV)

N+

20
II

II

Ar+

II

II

II

II

Kr+

II

II

II

II

Kr+
B+

30
200
II

II

p+
a
b
c
d
e
f
g

n

T

D(T)

Ion

10 1 ~)
ions/em

(o K) (in

300
329
345
300
371
420
440
300
420
470
519
300
100
200
300
100

See Ref. [22]
This thesis
See Ref. [17]
See Ref. [21]
See Ref. [24]
See Ref. [9]
See Ref. [15]

30a
gob
160b
4a
llb
440b
190b
1. 7a
7b
20b
250b
1. 7c
10d
20d
aood
2d

Energy
(keV)

p+

200
II

II

Sb+

II

II

II

II

II

II

II

40
II

II

II

II

T
( o

K)

200
300
350
100
300
425
500
87
250
300
300
133
300
450
563

D(T)
{ 1n
. 10142
ions/em )
2d
6d
20d
0.3d
1d
5d
>30d
0.4e
0.4e
0.6e
0.9f
0.2g
0.37g
0.65g
49
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TABLE II
Values of Tco , U, and K1 Obtained from Present
Ex peri menta 1 Data

u (eV)

Teo (oK)

Ion

K1 (104leV? em)

N+

375 ± 15

.07 ± .03

48 + 94
31

Ar+

460 ± 8

.09 ± .02

73
94 + 40

Kr+

543 ± 8

.07 ± .02

59

+ 35
22

TABLE III
Values of T

U, and K Obtained from Data
of Crowder et al. [21]

00 ,

Ion

Too ( o K)

1

u (eV)

K (lo4leV/ em)
1

13

B+

320 ± 10

.05 ± .01

23 +

p+

417 ± 10

.07 ± .03

56 + 92
33

Sb+

545 ± 15

.05 ± .01

43 +

8

13
9
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APPENDIX I
Discussion of ESR
ESR occurs when the energy separation of the spin states of an
unpaired electron in an external magnetic field is matched in a
special way by the energy hv of a photon, this condition being called
resonance.

An induced magnetic dipole transition can occur

(\~ith

destruction of the photon) only near resonance, producing a well
defined absorption line if either the photon frequency or the
magnetic field are varied properly.

A more detailed discussion may

be found in numerous texts [29,30] •
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